Abstract -The use of metal ions as templates in the synthesis of a range of macrocyclic Schiff base ligands varying in size (15-30 member atoms), in the number and nature of the potential donor atoms, and in flexibility is described. Factors controlling the course of the reactions are discussed. Open-chain intermediates have been isolated in several cases and mechanisms for the cyclizations are proposed. The structures, properties and reactions of the macrocyclic complexes, including the use of some binuclear copper complexes as receptors for small bridging molecules and ions (e.g. pyrazine, imidazolate ion), are reported.
INTRODUCTION
Condensation reactions between carbonyl compounds and primary amines have played a central role in the synthesis of new macrocyclic ligands (Ref. [1] [2] [3] [4] [5] . Usually, though not necessarily, such reactions are conducted in the presence of a suitable metal ion which may serve to direct the condensation preferentially to cyclic rather than oligomeric/polymeric products -the kinetic template effect, or to stabilise the macrocycle once formed -the thermodynamic template effect (Ref. 2, 4 & 6) . A particularly useful precursor dicarbonyl is 2,6-diacetylpyridine (OAF), which having a good donor atom (the pyridine nitrogen), may be held to (and possibly activated by) the template ion while nucleophilic attack at the carbonyl carbon atom occurs (Ref. further study (e1. 9), including an X-ray investigation (Ref. 10), showed the complex to be the p-oxo dimer [(FeL2(ClO4}2O]L(ClO42.H2O in which each metal ion has a pentagonal bipyramidal geometry with the five nitrogens the ring defining the equatorial plane. Subsequently,it was shown that other d5 and d ions, Mn(II) and Zn(II), also are effective template ions for te formation of L2, and closely related IS-membered 'N5' rings, the complex products ML X2 (X = halide, H20, etc) having essentially the same pentagonal bipyramidal coordination . Similar complexes of the IB-membered 'N5' macrocycle L3 with Fe(III) were also prepared and structurally characterised (Ref. 14) . The discovery of the 7-coordinate geometry in these macrocyclic complexes was of interest because of the rarity (at that time) of this coordination number particularly among metal ions of the first transition series. The structural invesigations referred to above had shown that the preferred conformation of both L2 and L is pentagonal planar. Thus both these rings are ideal for the purpose of imposing a pentagonally based stereochemistry on metal ions of differing electron configurations. A systematic investigation of the capacity of a wide variety of metal ions to accommodate to a pentagonal disposition of donor atoms was therefore undertaken. Two synthetic approaches were employed. In the first the efficacy of the metal ion as a template for the insitu synthesis of the 15-, 16-and 17-membered 'Nc' macrocycles (L2, L3 and L4), and of the 15-membered 'NO,' macrocycle (L5) was examined. n the second, the possibility of exchanging the complexes template metal ion for other metal ions not effective as templates was investigated (see later).
Template synthesis of_the macrocyclic ligands In most cases the macrocycles were prepared by reacting OAF (or related dicarbonyl) with the appropriate diprimary amine in equimolar proportions in the presence of a metal salt. Various solvents were used, most commonly MeOH or EtOH. The optimum reaction temperatures and reaction periods, found by experiment, varied widely from ca. 30 mm. at 20°C to 48 h at 65°C. The importance of the metal ion is shown by the fact that in its absence only viscous oils were obtained, these having indefinite composition and properties suggestive of an oligomeric/polymeric constitution. The macrocycles were isolated as crystalline complexes of the metal ion used as a template in their formation. It appears that the metal ion has a stabilising effect on the macrocycle. Attempts to isolate the free macrocycles after displacement of the metal ion proved unsuccessful.
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Not all metal ions have proved to be effective as templates for the four macrocycles (L -L under discussion. Table I summarises our results to date in this regard. The entry 'No' means that the synthesis has been attempted but has proved unsuccessful under the conditions employed. The Table shows that a few metal ions lea to the synthesis of the smaller macrocycles (15-membered L2 and L5 and 16-membered L ) but not to the largest (17-membered L4). A probable reason for this is the compatibility or otherwise of the sizes of th8 metal ion and the 'hole' of the macrocycle. Thus, ions of radius less than ca. 0.80 A appear not to form macrocyclic complexes with L4. However, the converse does not always apply since a large metal ion such as Hg2 dos complex with e.g. L2. There is structural evidence that in some such cases the metal is displaced from the plane of the ring (Ref. 16 ) and in others that a 'double' rather than a 'single' ring is formed via a [2+2] condensation of two moles of diketone with two moles of diprimary amine (see later). It is surprising, at first sight, that neither Ni(II) nor Cu(II) are templates for any of the macrocycles (L2-L4) since both ions are commonly used as templates in the synthesis of tetradentate 'N4' macrocycles (Ref. 5) . This is probably due to the preference of these ions for stereochemistries (octahedral, tetragonal, square pyramidal and square planar) in which the bonding orbitals are in orthogonal relationships as is apparent, for example, from a comparison of the crystal field stabilisation energies of the d8 and d9 ions in fields of and 0 symmetry (Ref. 17). Although a few pentagonal bipyramidal complexes of these ions are known (Ref. 18 and below) there is clear evidence, at least for Ni(II), that this is an unstable stereochemistry relative to the octahedron (see below)
Synthesis by metal exchange (transmetallation) Since the macrocyclic Schiff base ligands appear to be unstable in the uncomplexed state it might appear that synthesis of metal complexes is restricted to those of metals which are effective as templates. However, it has been found that the complexes are usually kinetically labile and that the complexed template ion may be readily exchanged in very many cases for other metal ions present in solution. In all cases lhe initial product of reaction of the dicarbonyl and diprimary amine [step Ci)] is presumeito be the monocarbonyl monoamine species (4). 
, from the initially formed intermediate (4) to the L2 + 2] product.
To date, the use of metal ions as templates in macrocycle synthesis has been largely empirical. It is clearly desirable to improve our understanding of the sequence and mechanism of the stepwise macrocycle formation reactions, which, hopefully, might be applied to the synthesis of new macrocycles having particularly coordinating properties. Some insight into the nature of these reactions has been gained by the isolation of intermediates and the study of their subsequent reactions. 
Sctseme 2 (10) is obtained on reaction of (7) with OAF. Moreover, reaction8of (7) with 2,6-diformylfuran (OFF) gives the Sa(II) complex of the macrocycle L1 containing both pyridyl and furan moieties. Thus, we now have a potential route to the synthesis of asymmetric macrocycles better suited to the formation of hetero-binuclear complexes.
A significant observation is that the macrocyclic complex (10) is also obtained in good yield merely by warming it in dried solvents in the absence of added OAF. The sequence of reactions shown in Scheme 2 is proposed to account for the ring closure under these conditions.
Step (ix) is a bimolecular reaction between two molecules of (7) involving nucleophilic attack by an NH2 group of one molecule at an imino carbon atom of a second molecule to give the addition compound (8). Regeneration of the imine bond can occur by elimination of a molecule of 3,6-dioxaoctane--1,8-diamine forming (9) [step (x)] . A second nucleophilic attack of an uncoordinated NH2 group at a neighbouring C = N group, intramolecular this time, leads to the macrocyclLc product (10) with elimination of a second molecule of 3,6-dioxaoctane-1,8-diamine step (xi)] .
The proposed mechanism involves two transaminations, one intermolecular and one intramolecular, processes known to be important in amino acid metabolism nediated by pyridoxal phosphate (Vitamin 66) (Ref. 37). The suggested mechanism is consistent with the observation that macrocycle formation is suppressed by the presence of an excess of free 3,6-dioxaoctane-1,8-diamine or of free Ba2 ion.
Hr (8)
Similar effects are observed in the reaction of OAF with diethylenetriamine and with 1,2-diaminoethane. In the former system (Scheme 3) reaction at 200 in the presence of Mg(II), Ca(II), Sr(II) or Ba(II) the initial products are again complexes (11) of the open-chain Scheme 3 Schiff base containing two terminal primary amine groups. When these complexes (the Mg(II) complex excepted) are redissolved in dry methanol and heated to reflux macrocyclic complexes (12) are obtained in high yield, again in the absence of added OAF. The structure of the Ba(II) complex has been solved by X-ray crystallography (Ref. 36). It can be seen that the secondary amine groups have added across neighbouring imine bonds with concomitant expulsion of two 5-membered imidazolidine rings from the inner large ring of the macrocycle to give, in these cases, an 18-membered (hexadentate) macrocycle instead of the expected 24-membered (octadentate) macrocycle (L14). The failure of the ring closure in the case of the Mg(II) complex may be attributed to stronger metal-nitrogen bonds which suppress the availability of the secondary amine groups for nucleophilic attack. Mn -Zn (Fig. 2) . In all cases the macrocycle is near planar, the overall coordination geometry being a slightly distorted hexagonal bipyramid ( () ions and the size of the macrocycle hole. Thus, -For the case of the planar conjugatd 'N,6' macrocycle LII, the structural analyses show that the radius of the hole i ca. 2.7 A. Therefore, it is not expected that Ba2, of octa-coordinate diameter 2.84 A, (Ref. 46) would sit within the cavity, a prediction consistent with the proposed sandwich structure. For Ca2, Sr2, Cd2 and Pb2 (octa-coordinate diameters 2.24, 2.52, 2.20 and 2.58 respectively) the metal ion can now be readily accommodated within The planar 'N6' ring, as found. The Mg2 ion and the first row transition metal ions Mn2' -Zn2 (octa-coordinate diameters 1.60-1.92 X) are clearly too small to be effectively bonded to all six nitrogen atoms of the planar macrocycle, thus accounting for their ineffectiveness as templates.
Metal-induced ring contraction in L11.
Although L11 is too large to form stable complexes with first row transition metal ions it was found that treatment of [BaL112 ][clo4]2 with Mn(II), Fe(II), Co(II) and Zn(II) salts in refluxing methanol gave a series of new complexes in 40-80% yield (Ref. 44). I.r. and mass spectra, together with an X-ray analysis of a Co(II) complex, showed that the inner large ring of L1 has contracted from 18-to 15-member atoms as a result of covalent bond formation between N(1O) and C(14) to give the new pentadentate macrocycle L20. The resulting complex has a pentagonal bipyramidal geometry, the axial positions being filled, in this example, by a water and by a methanol molecule. The ring contraction can be seen as proceeding in two steps. The first is the addition of a molecule of MeOH across one C = N bond as a result of the strain generated by the attempt of the macrocycle L11, by folding or other distortion, to bond effectively via all six nitrogens to a too-small metal ion. The gain in flexibility gained by the conversion of a double into a single carbon-nitrogen bond then allows nucleophilic attack of the secondary amino nitrogen N(1O), so formed, at the imino carbon C (14) . These include i-azido, i-hydroxo and j-imidazolato complexes. The structure of the i-azido complex is shown in Fig. 3 .
Here, the macrocycle is folded so that the bridging 1,3-azido group is positioned axially with respect to two 'CuN4' square planes each made up of three macrocycle nitrogen donors and one nitrogen atom of a terminally bonded azide hon. The oxygen atoms are not bonded to the metal and the Cu ... Cu separation is 6.02 A.
Since these macrocycles can adopt conformations suitable to the accommodation of single-atom bridging ligands (e.g. OH ) and three-atom bridging ligands (e.g. im, N ) they should also be structurally adaptable to the intramolecular binding of two-atom bridging ligands. It is therefore of interest to study the interaction of dioxygen with e.g. bi-Cu(I) complexes. Recent work in other laboratories, using macrocyclic ligands of the cryptate class (Ref. show that some bi-Cu(I) complexes of the hydrogenated macrocycles, derived from L17 and analogues by borohydride reduction, absorb one mole 02 per bi-Cu(I) centre very rapidly and that this is followed by a slower anaerobic oxidative dehydrogenation of the ligand by the bound dioxygen to regenerate the Cu(I) centres so that the process may be repeated at least once again (Ref. 62 ). The results demonstrate a clear separation between the initial coordination of 02 (to two Cu(I) centres) and its subsequent anaerobic utilisation. This, together with the observation of a Cu(I)/Cu(II) cycle, suggests possible application to the catalytic reduction of dioxygen to water and to the catalytic oxidation of added organic substrates. 
